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ABSTRACT The aim of the present study is to make.
available a replicating molecule of known sequence.
Accordingly, we sought a molecule that has the following
properties: (a) replicates in vitro in a manner similar to
phage Q8 RNA; (b) produces antiparallel complementary
strands that can be separated from one another; and (c) is
small enough to yield its sequence with reasonable effort.

We report here the isolation of a replicating RNA mole-
cule that contains 218 nucleotides and possesses the other
features desired for a definitive analysis of the replicating
mechanism. Despite its small size, this molecule can
mutate to previously determined phenotypes. It will,
therefore, permit the precise identification of the base
changes required to mutate from one phenotype to an-
other in the course of extracellular Darwinian selection
experiments.

Some years ago we isolated a template-specific, RNA-in-
structed RNA polymerase (1) from Escherichia coli infected
with phage Q8, an RNA bacteriophage (2, 3), and established
that the purified enzyme (replicase) could mediate the auto-
" catalytic synthesis (4) of biologically competent and infectious
viral RNA (5). When RNA from a mutant phage Q8 was used
to start the reaction with wild-type enzyme, mutant RNA was
produced (6), proving that the RNA was the instructing agent
in the synthesis. These findings provided the first opportunity
to perform extracellular Darwinian experiments on replicating
nucleic-acid molecules under conditions that simulate certain
aspects of precellular evolution, when environmental dis-
crimination operated at the level of the gene rather than the
gene product. '

It was not a priori obvious that such experiments would
generate useful information. Much depended on the number of
different ways the environment could distinguish one nucleic
acid molecule from another and decide which was superior.
Happily, the experiments revealed an unexpected wealth of
phenotypic differences that replicating nucleic acid molecules
can exhibit and from which the environment can select.

The first mutant (V-1) was isolated under selection pres-
sures designed to encourage rapid completion of replication
(7). To satisfy the imposed demands, large stretches of genetic
information unnecessary for replication were discarded leading
to the emergence of a variant containing only 550 of the orig-
inal 3600 nucleotides found in phage Q8 RNA. Variant mole-
cules of this class were then transferred under conditions con-
ferring advantages on molecules that could institute rapid
synthesis when the reaction was initiated with as little as a
single strand. In this manner we isolated V-2, a strain that can
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be cloned (8). By variation of the specific nature of the selec-
tion pressures, other variants were derived from V-2 that could
multiply at severely limiting concentrations of riboside tri-
phosphates, or in the presence of such inhibitory agents as
tubercidin triphosphate (9), ethidium bromide, and proflavin
(10).

It was apparent from even the limited set of successful
examples that the number of identifiable mutant molecules
possessing prespecified phenotypes was restricted only by
the ingenuity exercised in devising the appropriate selective
conditions. These experiments resolved an interesting dilemma
of precellular evolution. They permit one to see, at least
dimly, how selective pressures could have forced replicat-
ing nucleic acids to greater length and complexity (11), a
necessary prelude to the invention of cells and subcellular
components as aids in replication. In addition to their evolu-
tionary interest, abbreviated molecules that have eliminated
segments unnecessary for replication provide ideal objects for
the detailed chemical analysis of the replicative process.

It became obvious after several years that no matter how
amusing, continuing Darwinian-selection experiments would
not bring us any closer to the kind of understanding we wanted
of either the evolutionary process being observed or of the
replication mechanism. A truly profound exploitation of the
information inherent in this system required that we start
with a molecule of completely known sequence. To attain this
goal, we sought a replicating molecule with the following prop-
erties: (a) It should replicate in a manner recognizably analo-
gous to that of phage QB (12-17), (b) It should be possible to
separate one of the two complementary strands for indepen-
dent sequencing, and (c) It should be small enough to yield its
absolute sequence without inordinate time and effort.

The variants we had thus far isolated satisfied the first two
criteria, but were all about 550 nucleotides long. Our ultimate
aim required that the sequence be known with absolute cer-
tainty. Even with the elegant sequencing techniques intro-
duced by Weissmann and his colleagues (18), it seemed de-
sirable to ease our task by searching for smaller replicating
molecules. This decision was encouraged by the report (19) of
“6S” replicating RNA molecules in cells infected with phage
Q8. On examination, the “6S” %pecies turned out to be a mix-
ture of similar, but not identical, molecules. One of these
“minivariants” (MV-1) was cloned and examined in detail
with respect to its 5’-terminal sequence and replicative fea-
tures (20). Unfortunately, these molecules possessed structural
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characteristics that made it difficult to recognize replicative
stages or to separate plus from minus strands.

We continued our search for a suitable candidate and suc-
ceeded in isolating the molecule we report on here. It is 218
nucleotides long and satisfies all the other criteria desired as
an object of intensive study. With its aid, we can hope to
specify in chemical detail its mechanism of replication and to
specify the base changes required to mutate from one pheno-
type to another.

MATERIALS AND METHODS

Isolation of Phage QB Replicase. Phage QB replicase was
purified through the diethyl(aminoethyl) (DEAE)-cellulose
column step (21). The enzyme was further purified by agarose
gel (20) and phosphocellulose chromatography (22). The
fraction corresponding to the ‘“heavy’” component described
by Eikhom and Spiegelman (23) was used for all the work
reported here.

Synthesis of Labeled Ribonucleoside Triphosphates. [a-*2P]-
Ribonucleoside triphosphates were prepared as detailed by
Haruna et al. (1). [y-*2P]Ribonucleoside triphosphates were
prepared by the method of Glynn and Chappell (24). Tritiated
ribonucleoside triphosphates were purchased from Schwarz
BioResearch, Inc., Orangeburg, N.Y.

RESULTS

Since the “6S” species were isolated from infected cells and
found as contaminants of replicase preparations, other vari-
ants were looked for in the same source. In the course of ex-
amining products of reactions run without added RNA tem-
plates, a replicating molecule was obtained that appeared to
possess the features we desired. This variant was labeled midi-
variant (MDV-1) to indicate that it is smaller than the 550
nucleotide V-class of variants, and is some 90 nucleotides
longer than the group of “6S” “minivariants.”

Characterization of reaction products

After protein removal, the products of a reaction templated by
either phage Q8 RNA or V-2 RNA resolve into three distinct
structures when examined by acrylamide gel electrophoresis
(16): a fast-moving component consisting of single strands, a
double-stranded structure of intermediate mobility, and a
slow-moving multistranded complex containing double-
stranded regions along with single-stranded tails. Fig. 1 shows
that a reaction initiated by MDV-1 RNA yields a similar
pattern when the protein-free products are analyzed on acryl-
amide gels. Again one observes three distinct structures (la-
beled I, IT, and III) moving with different velocities in the gel.

The properties of peaks I and II are examined in Fig. 2 with
the products of a late reaction containing very little of the
peak III component. Fig. 24 shows the behavior and mobility
of the untreated structures, compared with the ‘“6S” mini-
variant (MV-1). From their mobilities, it would appear that
MYV-1 is smaller than either I or I of MDV-1 and that peak II
has about twice the molecular weight of peak I. If the mixture
of I and II is subjected to heat denaturation, peak II is
almost eliminated, whereas peak I is unaffected (Fig. 2B),
suggesting that fraction II is a double-stranded structure and
that fraction I is single-stranded. These conclusions are fur-
ther confirmed by the effects of nuclease treatment on a mix-
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ture of fractions I and II shown in Fig. 2C. Here we see that
peak II is left undisturbed, whereas peak I is destroyed.

Fig. 3 examines the response to RNase of #2P-labeled peak
I1I isolated from a previous gel, *H-labeled MDV-1 product
being included as an internal marker to locate the structures.
It will be noted from the repeated electrophoresis of untreated
peak III (Fig. 34) that manipulation of this fragile structure
gives rise to components I and II. Exposure to ribonuclease
completely converts the multistranded pesk III to the double-
stranded peak II and eliminates the single-stranded peak I.

The responses of peaks I, II, and IIT of MDV-1 to denatura-
tion and ribonuclease are in complete accord with resporises
obtained with the analogous structures observed in reactions
directed by phage Q8 RNA (16) and the V-class of abbreviated

mutants (15).
Nearest-neighbor analysis of the double-stranded
structure (peak IT)

If peak II corresponds to thé double-stranded structure ob-
served in our previous studies (25), it should be an antiparallel
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Fic. 1. Polyacrylamide gel electrophoresis of midivariant
RNA reaction product. Reaction conditions for the synthesis of
RNA were as follows: 80 mM Tris- HCI (pH 7.4), 12 mM MgCls,
0.8 mM (each) of ribonucleoside triphosphates (one or more of
which was isotopically labeled), 80-240 ug of phage QB replicase
heavy fraction/ml, and 80 ng of midivariant RN A per ml. Reac-
tions were run for 30 min at 38°. They were terminated by the
addition of 0.1 volume of sodium dodecyl sulfate (100 mg/ml),
then adjusted to 0.4 M with respect to NaCl. RNA was extracted
by mixing the terminated reaction with an equal volume of
phenol-cresol solution (16) equilibrated with 100 mM Tris- HCI
(pH 7.4). The mixture was shaken vigorously for 2 min and the
phases were separated by centrifugation. The aqueous phase
was chromatographed on a 1 X 80 cm Sephadex G-50 (coarse)
column, equilibrated with 10 mM Tris-HCl (pH 7.4), 400 mM
NaCl, 3 mM disodium ethylenediamine tetra-acetate (EDTA).
The excluded product was pooled and precipitated overnight at
—20° with two volumes of absolute alcoliol. Midivariant RNA
was collected by centrifugation at 25,000 X g for 40 min at
—10°; dried under reduced pressure, and dissolved in 3 mM
EDTA (pH 7.0). The RNA product was then made 400 mM
with respect to NaCl at an RNA concentration of between 10
and 100 ug/ml, and incubated at 65° for 60 min.

RNA species were analyzed on 4.8%, polyacrylamide gels as
described (20) by electrophoresis at 10 mA /gel for 90 min. After
electrophoresis, the gels were frozen on dry ice and cut into 1-mm
slices by a Mickle gel slicer.

Three structural classes were identified: single-stranded RNA
(I), double-stranded RNA (II), and multistranded RNA (I1I).
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Fig. 2. Effect of melting and nuclease treatment on midi-
variant RNA. (4) 130 ng of [3?P]RNA reaction product were co-
electrophoresed with [*H]minivariant RNA (20) marker (=130
nucleotides long). Multistranded structures were not present in
sufficient quantity to be detected in this late reaction product.
(B) 130 ng of RNA were melted at 100° for 2 min in 30 ul of 3
mM EDTA, then frozen in a dty ice-ethanol bath. The sample
was thawed in the presence of the marker and immediately an-
alyzed by electrophoresis. (C) 130 ng of RNA were digested with
20 ug of RNase A for 10 min at 37° in 30 ul of 400 mM NaCl-
50 mM Tris- HCI (pH 7.4)-3 mM EDTA. In order to inactivate
the nuclease, 5 ul of diethylpyrocarbonate (Naftone, Inc., New
York; N.Y.) was added and incubation was continued for 30
min. Undissolved diethylpyrocarbonate was removed by cen-
trifugation. The supernatant was mixed with the marker and
analyzed by electrophoresis.

complementary duplex of the plus and minus strands of
MDV-1. This can be checked by seeing whether the molar
frequencies of complementary antiparallel dinucleotides are
equal. Product RNAs were synthesized, each containing a
different one of the four ribosidetriphosphates labeled with
2P in the « position. After self-annealing, peak II was elec-
trophoretically isolated fromi each reaction, hydrolyzed, and
analyzed as described in the legend to Table 1. The observed
equivdlent mdlar frequencies of .antiparallel dinucleotide
complements (Table 1) are clearly in support of an antiparallel
duplex composed of complementary strands. It will be noted
that there was excellent agreement between the alkali and
enzymatic digests. The total absence of ApU (Table 1) means
that this variant RNA is devoid of the AUG codon required
for initiation of translation into protein. '

Base composition of the MDV-1(+') strand

Asin the case of pliage Q8 RNA and V-2 RNA, peak I is a
mixture of plus and minus single strands. If this mixture is
self-annedled, the resulting duplexes can be electrophoretically
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removed, leaving behind the strand that was present in excess.
In the case of phage Q8 and V-2, this always corresponds to
the plus strand if the synthesis is extensive. We have accord-
ingly designated as MDV-1(+) the strand that predominates
in the peak I component of late reactions.

To determine the base composition of the MDV-1 plus
strand and of the double-stranded duplex, an extensive syn-
thesis was performed in a reaction containing all four ribo-
sidetriphosphates labeled at the same specific radioactivity
with P in the a position. The purified product was self-
annealed and the double strands were separated from the single
plus strands electrophoretically. The two preparations were
then hydrolyzed and analyzed as described in the legend of
Table 1. It is evident from the results recorded in Table 2 that
both plus and minus strands possess complementary-type base
compositions, with guanosine being equal to cytidine and
adenosine being equal to uridine. Further, both strands have
an unusually large proportion (70%) of guanosine and cyti-
dine. All of these findings predict the possibility of a highly
ordered secondary structure.

The 5’ teiminus and the direction of synthesis of MDV-1

To determine the 5’ terminus, we proceeded as in our previous
studies with phage Q8 RNA (16), V-2 RNA (15), and “6S”
RNA (20). Four reactions directed by MDV-1 RNA were run,
each of which contained one of the ribonucleoside triphos-
phates labeled with 2P in the v position. The extent of chain
synthesis was monitored internally in each case by including
[H]CTP. Of the four [y-32P]ribonucleoside triphosphates,
only [y-*2P]guanosine triphosphate labeled midivariant RNA.
Fig. 4 shows the electrophoretic pattern of the MDV-1 RNA
products labeled internally with [*H]CTP and terminally by
[v-*?P]GTP. That-*P labeling is only terminal was demon-
strated, as we had done previously (16), by showing that di-
gestion with T, RNase releases [y-*?P]guanosine tetraphos-
phate as the only radioactive residue. The distribution of 2P
and *H in the three peaks of Fig. 4 shows clearly that both
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Fie. 3. Effect of nuclease treatment on multistranded midi-
variant RNA. (4) Coelectrophoresis of [32P] multistranded
RNA (isolated from a previous gel) with [*H] midivariant RNA
marker. [#*P] Peaks I and II result from the disruption of the
fragile multistranded structures during isolation. (B) 500 pg of
multistranded RNA was digested with 3 ug of RNase A, under
the conditions described in Fig. 2C. Diethylpyrocarbonate was
used to inactivate the nuclease. The digested RNA was co-
electrophoresed with untreated marker RNA.
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TaBLE 1. Nearest-neighbor analysis of double-stranded

midivariant RN A
. i Molar dinucleotide frequencies
Dinucleotide -
pairs Alkali digest Enzymatic digest
CpA, UpG 0.030, 0.037 0.037, 0.036
ApC, GpU 0.057, 0.059 0.056, 0.062
CpU, ApG 0.052, 0.056 0.060, 0.056
UpC, GpA 0.071, 0.077 0.069, 0.068
GpG, CpC 0.119, 0.119 0.119, 0.115
ApA, UpU 0.028, 0.028 0.029, 0.033
GpC 0.113 0.112
CpG 0.141 0.139
ApU 0.001 0.000
UpA 0.010 0.009

Single-stranded and double-stranded midivariant RNA pre-
pared from reaction mixtures containing the appropriate [a-32P]-
ribonucleoside triphosphate(s) were separated by gel electro-
phoresis. The RNA was self-annealed before electrophoresis.
After elution from the gels, each RN A preparation was analyzed
by two methods: digestion with alkali and digestion with a mix-
ture of ribonucleases.

For alkaline digestion, the RNA was dissolved in 10 ul of 0.2
M KOH and incubated at 37° for 17 hr. The sample was then
neutralized with HC], and the mononucleotides were resolved by
electrophoresis in 50 mM sodium citrate (pH. 3.5) at 4,000 V
on Whatman 3 MM paper (27). The radioactive digestion prod-
ucts were detected by autoradiography, cut from the paper,
and counted in 2,5-bis-2-(5-tert-butylbenzoxazolyl)-thiophene
(BBOT) in toluene.

For nuclease digestion, the RNA was melted at 100° in 3 mM
EDTA (pH 7.0) for 2 min and then dissolved in 5 ul of 20 mM
sodium acetate (pH 4.5), containing 200 ug each of RNase A,
RNase T, and RNase T,. RNase A was obtained from Worthing-
ton Biochemical Corp., Freehold, N.J. and RNase T, and T, were
obtained from Calbiochem, San Diego, Calif. The samples were
incubated at 37° for 30 min, then spotted directly onto Whatman
3 MM paper and separated by high-voltage electrophoresis.

Molar dinucleotide frequencies were calculated by the pro-
cedure of Josse et al. (26).

plus and minus strands of MDV-1 begin with [y-*?P]GTP at
their 5’ ends. This finding also immediately establishes that
the direction of synthesis of both plus and minus strands of
MDV-1isin the 5’ to 3’ direction, again in agreement with our
earlier findings with phage QB (16) and V-2 (15).

Size of single-stranded MDV-1

There are two ways (16) of determining the length of single-
stranded RNA molecules that can be synthesized in vitro.

TaBLE 2. Nucleotide composition of midivariant RN A

Molar mononucleotide frequencies

Single-stranded Double-stranded
RNA RNA
Nucleotide Alkali RNase Alkali RNase
Guanosine 0.345 0.346 0.350 0.353
Cytidine 0.345 0.336 0.346 0.351
Adenosine 0.160 0.156 0.158 0.142
Uridine 0.150 0.161 0.145 0.154

Analysis was performed as described in the legend to Table 1.
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F1a. 4. Polyacrylamide gel electrophoresis of midivariant
RNA labeled by [y-*P]GTP and [*H]CTP. None of the other
three [y-3?P]ribonucleoside triphosphates was able to label midi-
variant RNA. 460 ng of the RN A shown above were melted at
100° for 2 min in 8 ul of 3 mM EDTA, then digested with 1
ug of RNase T; for 30 min at 37° in 10 ul of 10 mM Tris-HCI
(pH 7.4)-3 mM EDTA. The digestion mixture was analyzed by
high-voltage electrophoresis at pH 3.5. Guanosine tetraphos-
phate was identified as the only radioactive residue. Both single-
stranded and double-stranded RNA (peaks I and II) are labeled
equally well by each isotope, indicating that [+-3?P]GTP is
incorporated into the 5’ end of both complementary RNA strands.
The chain length of single-stranded midivariant RNA was deter-
mined by comparison of the ratio of [y-3?P]GTP incorporated
into the end of the molecule to [3H]CTP incorporated internally.

If, as in the present case, the 5’ terminus is known, one can
compare the number of moles of [y-*?P]JGTP and the number of
moles of [*H]CTP incorporated internally in the peak I region
of Fig. 4. Taking into account the molar frequency of cytosine
residues (Table 2), one can readily calculate the number of
nucleotides; this turns out to be 230. The same calculation
performed on the peak II material yields a similar value, prov-
ing that both plus and minus strands have pppGp at their
5’ terminus. .

The other procedure is to compare the electrophoretic mobil-
ity of midivariant RNA in acrylamide gels with internal RNA
markers of known size, as is done in Fig. 5. The mobility ob-
served for MDV-1 RNA corresponds to a chain length of
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Fig. 5. Determination of the chain length of midivariant
RNA by its relative electrophoretic mobility. Midivariant
RNA was coelectrophoresed with RNA markers of known
chain length on a 4.8%, polyacrylamide gel. The RNAs were
isotopically labeled. The log of the chain length was plotted
against the distance each RNA migrated into the gel. The
distance midivariant RNA migrated corresponded to a chain
length of 213 nucleotides.
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213, in reasonable agreement with the number obtained from
the ratio of the 5’ terminus to total chain length. It may be
noted that by actual count (Mills, D. R., Kramer, F. R. &
Spiegelman, S., manuscript in preparation), the absolute
number of nucleotides is 218.

DISCUSSION

The length of the MDV-1 RNA molecule we describe here is
only 6% that of phage QB8 RNA, and since the initiating AUG
triplet is absent, it is untranslatable into protein. In other
respects the two replicating molecules have much in com-
mon. Both are accepted by phage QB replicase, implying that
MDV-1 has retained the structure used by phage QB replicase
to recognize and replicate phage QB-like RNA. Both RNAs
direct the synthesis of complements and both give rise to
similar multistranded, double-stranded, and single-stranded
structures in the protein-free product.

Our goal was to isolate a molecule that replicates in a manner
similar to phage Q8 RNA and that was small enough to yield
the sequences of its complementary strands. This goal has
been achieved. Using existing techniques with suitable modifi-
cations, we have in independent experiments established the
sequences of both the plus and minus strands of MDV-1
RNA. We prefer to delay the discussion of the relation be-
tween MDV-1 and phage Q8 RNAs until the sequence data
appear in detail (Mills, Kramer, and Spiegelman, in prepara-
tion). At present, we may note that the first eleven nucleo-
tides from the 5’ end are identical and the first thirty are
nearly so. We have shown in preliminary experiments
(Kramer, F. R., Mills, D. R., Nishihara, T., Cole, P. E., &
Spiegelman, S., manuscript - in preparation) that, small as
it is, MDV-1 RNA yields mutants with a prespecified pheno-
type under appropriate selective ¢onditions.

The results described provide an experimental system that
should illuminate in chemical detail the nature of the inter-
action between the enzyme and a replicating template, the
mechanism of replication, and finally what base changes occur
in mutating from one phenotype to another.

We thank Mr. Ben Tabenkin and his staff at Hoffman-La-
Roche, Nutley, N.J., for their skilled assistance in the prepara-
tion of phage QgB-infected E. coli. This work was supported by the
National Science Foundation Research Grant GB-17251X1,
National Cancer Institute Research Grant CA-02332, and
American Cancer Society Postdoctoral Fellowship PF-538.
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